Single flux quantum circuits with damping based on dissipative transmission lines 
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We propose and demonstrate the functioning of a special Rapid Single Flux Quantum (RSFQ) 
circuit with frequency-dependent damping. This damping is achieved by shunting individual Joseph- 
son junctions by pieces of open-ended RC transmission lines. Our circuit includes a toggle flip-flop 
cell, Josephson transmission lines transferring single flux quantum pulses to and from this cell, as 
well as DC/SFQ and SFQ/DC converters. Due to the desired frequency- dispersion in the RC line 
shunts which ensures sufflciently weak damping at low frequencies, such circuits are well-suited for 
integrating with the flux/phase Josephson qubit and enable its efficient control. 



INTRODUCTION 



The Josephson circuits operating on Single Flux 
Quanta (SFQ), the so-called Rapid Single Flux Quantum 
(RSFQ) circuits [1[ of special design, are intensively in- 
vestigated as they are the most promising on-chip system 
enabling the control and readout of the superconducting 
qubits [2, l3[ . This choice is primarily based on the well 
developed fabrication technology of these circuits, allow- 
ing them to be implemented in the same process together 
with the Josephson qubits. Moreover, the capability of 
the RSFQ circuits to function at the same low tempera- 
ture as the qubits is another advantage of this approach. 
Among these RSFQ circuits are the balanced compara- 
tors [4, _5, _6], SQUIDs_|i7|[, the ballistic Josephson Trans- 
mission Lines ( JTL) [8|, lOj enabling quantum readout of 
the qubit, and the RSFQ circuits generating signals con- 
trolling the qubit state [lO|, lll| . 

One of the most important issues in integrating the 
RSFQ circuits with a qubit is their strong back action 
on the qubit. On the one hand, the operating principle 
of the RSFQ circuits assumes the availability of signifi- 
cant damping which is usually ensured by the low-ohmic 
resistive shunting R of the Josephson Superconductor - 
Insulator - Superconductor (SIS) tunnel junctions (see 
the electric diagram in Fig.[T]^a), where the cross denotes 
the junction itself with a presumably very high quasipar- 
ticle resistance i?qp ^ R). On the other hand, such re- 
sistive shunts generate significant current noise with the 
white spectrum even in the quiescent (zero- voltage) state 
of the Josephson junctions. This noise is admixed to the 
bias and output control signals and, therefore, may dra- 

I2I \\^ . A possible solution 



matically decohere the qubit 
to this problem is the application of frequency-dependent 
elements which ensure sufficient damping at plasma reso- 
nance frequency Vp = uj^J^-k ~ 40 GHz of the junctions of 
the RSFQ circuit, but have a relatively low damping and, 
therefore, a low noise at frequencies below the character- 
istic frequency of the qubit vm = {Ei — Eo)/h < 10 GHz. 
As we had shown earlier [IJ, |l5[ , to realize such damp- 
ing, one can use non-linear shunts on the basis of Super- 
conductor - Insulator - Normal metal (SIN) tunnel junc- 
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FIG. 1; Different ways of realizing the damping in Josephson 
SIS junctions: (a) resistive shunting, (b) shunting by an SIN 
tunnel element, (c) shunting by an RC circuit, and (d) shunt- 
ing by an open-ended dissipative transmission line, (e) The 
equivalent electric diagram of such transmission line modeled 
by the ladder circuit consisting of sufficiently large number A'^ 
of elementary RLC sections. 



tions (see Fig.[ljb)). Although these shunts may ensure 
both a remarkably large high-frequency damping and a 
significant suppression of the low-frequency noise due to 
a presumably small sub-gap leakage current in the SIN 
junctions [l6|, the fabrication technology of these hybrid 
SIS-I-SIN circuits is rather difficult. 

Recently, a simpler realization of RSFQ networks with 
a frequency-dependent damping based on shunting the 
junctions by serial RC circuits (see Fig. [He)) has been 
proposed in Ref. |17| and verified in Ref. [18]. This linear 
circuit consisting of thin-film resistor and plate on-chip 
capacitor is relatively simple for fabrication. Application 
of such shunting elements was beneficial in the low-noise 
dc SQUIDs used in magnetometry Il9[ and in the readout 
SQUIDs for the Josephson qubit [20|. 

In this paper, we propose to damp an RSFQ circuit 
by shunting its junctions by pieces of dissipative trans- 
mission lines (see Fig.[ljd)-(e)). We report the results of 
numerical simulations and of the measurements of a Nb 
RSFQ circuit provided with such damping. Our experi- 
mental circuit includes Toggle Flip-Flop (TFF), Joseph- 
son transmission Hues (JTL) and DC/SFQ and SFQ/DG 
converters. We will show that a microstrip line shunts 



made of a resistive film which is normally used for the 
fabrication of shunting resistors can ensure a stable oper- 
ation of the circuit with a desirable frequency-dependent 
damping and give advantages in the suppression of noise 
at typical qubit frequencies. 



MODEL AND SIMULATIONS 

The strength of the damping in Josephson circuits is 
determined by power losses at the frequency of plasma 
resonance ujp — {LjCj)'^^^^, where Lj — <l>o/(27r/c) 
is the Josephson inductance, $o the flux quantum, Ic 
the critical current and Cj the junction capacitance. 
When the junction is shunted by an ohmic resistor 
(Fig.[lja)), the damping is characterized b y t he dimcn- 
sionless McCumber-Stewart parameter l2lU22|. 



Pc = WtOpLjf = {2n/^o)I,R^Cj. 



(1) 



To ensure a normal operation of an RSFQ circuit, its 
value must be sufhciently small, i.e. /3c ^ 2 (over- 
damped regime). In the case of frequency-dependent 
shunting (shown in Fig.[ljb)-(e)), the resulting damping 
depends on the frequency dispersion of the shunting ele- 
ment and on the parameters of the junction, i.e. Lj and 
Cj. Generally, the complex admittance of the shunt, 
Y{uj) = Y'{uj)+jY"{io), adds not only the losses Y'{uj), 
but causes also a shift of the plasma resonance frequency 
ujp -^ (Dp (see, e.g., Ref. [IS"]). This effective plasma fre- 
quency ujp is the root of the following equation: 



iu[Cj + C*{uj)]-l/{ujLj)^Q, 



(2) 



where C*{uj) = Y"{uj)/llj. The effective dimensionless 
damping parameter is, therefore, equal to 



pc = {R*/CupLjf = [CjpLjY'iQp)]- 



(3) 



and this value may reduce to the desirable level of about 1 
when the effective shunting resistance R*{uj) = 1/Y'{llj) 
approaches the high-frequency values uj ^ ujp which lie 
above the roll-off frequency ^ {RC)~^. 

The open-ended transmission lines (lioad = 0) with the 
total resistance R, the total capacitance C and the to- 
tal inductance L, which we apply as Josephson junction 
shunts, have the following parameters per unit length: 
r = R/£, c = C/e and / = L/£. The length i is smaller 
than the wavelength Xp corresponding to the character- 
istic frequencies (^ ujp) of the problem. We exclude from 
our analysis the leakage of dielectric and will normally 
omit the effect of the line inductance L which, as we 
show below, manifests itself at frequencies well above 
the operation frequency of the RSFQ circuit. Applying 
the transmission-line theory, the admittance seen by the 
junction is expressed as 
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FIG. 2: Frequency dependencies of the normalized effective 
capacitance C* and the normalized effective resistance R* in 
different types of shunting circuits, calculated for _R = 10 fi 
and C = 1.8 pF, yielding the transition frequency i/rc = 
{2tvRC)~^ « 8.8 GHz. The inductance of the distributed 
RCL transmission line (dashed lines) is L = 1.9 pH. For com- 
parison, dashed-dotted lines show the behavior of C* and R* 
in a simple RC circuit with similar R and C. The thin dashed- 
dotted-dotted horizontal line shows the value of the junction 
capacitance Cj. The grey color bars show the typical fre- 
quency ranges of a qubit //oi and of an RSFQ circuit Dp. 



The plots of the normalized effective shunting resistance 
R*{uj)/R and the effective capacitance C*{uj)/C calcu- 
lated using Eq. ^ are presented in Fig. [2] by solid lines. 

The parameters of the frequency-dependent shunting 
circuits, whose characteristics are shown in Fig. [21 were 
chosen such that the characteristic frequency of the qubit 
t'oi (of several GHz) lay notably below the effective 
plasma frequency Dp — ujp/2TT w 20 — 40 GHz. This value 
of i>p was estimated from the designed value of the crit- 
ical current Ic — 12 ^ 24 /lA, the self-capacitance of the 
junctions Cj = 0.5 -^ IpF (corresponding to the junction 
area A = 12 -^ 24/Ltm^ and the critical current density 
ic = lOOA/cm^ in the Nb multilayer process of PTB 
[231). The transmission line was realized in the resistive 
composite layer consisting of a sandwich Cr/Pt/Cr. The 
nominal sheet resistance of this film was Rn — 2Q. 

The numerical evaluation of R, C and L in the trans- 
mission line with the lateral dimensions 30 /zm by 150 ^m 
yielded an optimum resistance value of 10 f2 and an opti- 
mum capacitance of 1.8 pF. Evaluation of the transmis- 
sion line inductance applying the Maxwell software pack- 
age [24] yielded the sufhciently small value of L = 1.9 pH. 
The effect of this inductance, as can be seen from Fig.[2l 
(the corresponding curves are shown by dashed lines), 
is negligibly small in the interesting range of frequen- 
cies (up to 200-300 GHz, exceeding the plasma frequency 
Vp by one order of magnitude). Therefore, in our cir- 
cuit simulations, we assumed a zero inductance L — 
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FIG. 3: Schematics of the basic RSFQ circuits with RC trans- 
mission line shunts: (a) TFF, intended for the control of a 
Josephson qubit in loop configuration, with a possible induc- 
tive coupling to it (shown in the middle) and (b) one section 
of JTL. 



which resulted in a pure diffusive behavior of the trans- 
mission lines. A ladder network model shown in Fig.[lje) 
with the number of sections A^ = 30 gave very good 
approximation of the distributed line (dotted lines in 
Fig. [2]). This model made it possible to easily include 
these lumped-element networks into the software pack- 
age PSCAN 25| and to simulate the behavior of our cir- 
cuits with frequency-dependent damping. For the sake of 
a further simplification of the modeling, the circuit with 
A^ = 10 sections (having very similar characteristics in 
the interesting range of frequencies, not shown in Fig. [2]) 
was also extensively applied in the circuit optimization. 
We have modeled the behavior of the basic RSFQ cir- 
cuits including TFF (shown in Fig.[3Ja)) and JTL (see 
Fig.El^b)) with RC transmission line shunts. Such TFF 
circuit has been developed for the control of the Joseph- 
son qubit in SQUID configuration so its quantizing in- 
ductance Lq is magnetically coupled to th e q ubit loop. 
As has recently been demonstrated in Ref. [11[, the out- 
put rectangular magnetic flux pulses of TFF, triggered 
by the incoming SFQ pulses at the port "In", can effec- 
tively change the shape of the energy potential of the 
double-SQUID flux qubit and, hence, form the basis for 
the quantum manipulation. For this type of Joseph- 
son qubit, a more than 300-fold increase in the effec- 
tive shunting resistance can be achieved at its typical 
frequency vqi ~ 1 GHz. The absolute value of R* in our 
design is 3 kfi at this frequency. Note that according to 



FIG. 4: Josephson phases across the junctions Jl and J2 of 
TFF with RC line shunts (Fig.|3ja)), obtained by numerical 
simulations. The characteristic circular frequency used for 
normalizing the time scale is Uc = (20ps)~^. 



estimations made by Chiarello [26| taking into account 
the effect of attenuation of noise due to sufficiently weak 
coupling, the resistance R* kept at sufficiently low tem- 
perature of 20 mK must not be lower than 100 Jl. In this 
case, decoherence of the qubit is still tolerable. There- 
fore, the designed RC transmission line shunts are very 
well-suited for controlling this qubit. 

The result of the simulations for the set of parame- 
ters typical for our technology is shown in Fig. 3] as time 
dependencies of the Josephson phases reacting on the in- 
put SFQ pulses. The step- like behavior of the phases 
ipi and (^4 on the Josephson junctions Jl and J4, re- 
spectively, is due to 27r phase leaps corresponding to the 
switching of the TFF between two states. An incom- 
ing SFQ pulse (not shown here) induces 2tt phase leaps 
across the junctions Jl and J2 (see Fig. [3]); the next SFQ 
pulse causes 27r leaps across junctions J3 and J4. This 
yields the sequence of current pulses in the storing in- 
ductance Lq, and therefore the pulses of the output mag- 
netic flux. These pulses have required rectangular shape 
(see, for comparison, similar plots in Fig. 7(b) of Ref. [15j , 
obtained for SIN-junction-shunted TFF). The parameter 
margins found in the optimization of the circuit arc in the 
safe range typical of RSFQ circuits _27||; the most crit- 
ical parameter is the critical current density jc, having 
margins of ±28%. 



EXPERIMENT 

The circuit designed for the experimental testing of the 
functionality of the RC transmission line shunts is the 
TFF cell which is similar to that shown in Fig.[3l but its 
input and two outputs were attached to JTLs with RC 
line shunts serving as buffer stages. In the block diagram 
in Fig.lHI^a), this part of the circuit is marked by grey 
color and placed inside the dashed-line box. Due to the 



frequency-dependent damping, such a JTL can transmit 
SFQ pulse signals and efficiently attenuate noise origi- 
nating from the external part of the circuit. Each JTL 
circuit includes two sections which ensure an attenua- 
tion of the noise coming from the conventional resistive 
shunts of an external circuit by more than 40 dB. Such a 
large attenuation was possible due to the relatively low 
currents biasing the sections of the JTL, which resulted 
in rather small values of the Josephson inductances and, 
therefore, a division of signals with large ratio. The "ex- 
ternal" part of the circuit includes four-section JTLs with 
resistive shunts as well as DC/SFQ and SFQ/DC con- 
verters. The DC/SFQ converter is used for generating 
the sequence of the SFQ pulses driving the TFF, while 
two SFQ/DC converters enable visualization of the TFF 
switching. The SFQ pulses transmitted via two output 
channels of the TFF are therefore converted into rect- 
angular voltage pulses. The edges of these rectangular 
pulses are time-referenced to the input SFQ pulses and 
the repetition frequency is four times lower than the fre- 
quency of the input pulses. Moreover, the two output 
signals have a mutual phase delay. This behavior must 
originate from the pulse rate division by two sequentially 
connected TFFs. The first one is the core TFF with 
RC transmission-line-shunted junctions, and the second 
one in each line is the TFF of conventional design with 
integrated SFQ pulse detector with resistively shunted 
junctions. The mutual shift of the output signals Vouti 
and K)ut2 should correspond to exactly one period of the 
input signal /jn. 

The fabrication process included the deposition of an 
Nb film (170 nm thick) which was patterned for struc- 
turing a ground plane of the circuits. The electrical in- 
sulation of the ground plane was provided by a wet an- 
odization of the Nb film, followed by the sputtering of a 
dielectric Si02 layer (80 nm thick) on top of it. To form 
the bias and shunt resistors, we deposit a Cr/Pt/Cr (10 
nm/43 nm/10 nm) sandwich patterned by an Ar-milling 
etch process. Thereafter, a second Si02 ground plane in- 
sulation layer (140 nm thick) was sputtered. In order to 
connect the groundplane and the resistors to other metal 
layers, holes were etched in this dielectric layer. The 
Nb/Al-AUOj;/Nb (170 nm/10 nm/80 nm) trilayer was 
deposited in an UHV system with a base pressure lower 
than 10~^ Pa. The oxidation process was performed in a 
load-lock with a base pressure lower than 10~^ Pa. The 
tunnel areas of the Josephson junctions were formed by 
etching the Nb counter electrode of the trilayer. Then, 
the wet anodization process was applied again, followed 
by the patterning of the Nb base electrode. An Si02 (300 
nm) layer was sputtered onto the sample for insolating 
the edges of the base electrode and strengthening the an- 
odic oxide. The process was completed by sputtering an 
Nb (400 nm) wiring layer. The optical microscope image 
of a fragment of the finished sample is shown in Fig.[5Jb). 
The RC transmission line shunts of rectangular shape are 



seen in this image. 

The measurements of the samples were performed at 
a liquid helium temperature of T = 4.2 K. At first, 
we tested the stand-alone Josephson junctions with RC 
transmission line shunts which were fabricated on the 
same chip for the purpose of measuring their autonomous 
I-V characteristics. Figure[6ja) shows a typical I-V 
curve, exhibiting rather strong hysteresis. The critical 
current Ic with a nominal value of 16.6 /zA is notably 
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FIG. 5: (a) Block diagram of the circuit with RC line 
shunts (elements inside the dashed-line box) and resistive 
shunts (outside this box) including TFF, JTL, DC/SFQ and 
SFQ/DC converters, (b) Image of the circuit fabricated at 
PTB in Nb technology with jc = lOOA/cm^. Critical cur- 
rents of the TFF junctions are Ic ~ 17 /^A each, the quantiz- 
ing inductance Lq = 132 pH. 
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FIG. 6: (a) Autonomous I-V curve of the 7?C-line-shunted 
Josephson junction, (b) Time traces of the signals in the TFF 
circuit with _RC-hne-shunted junctions. The frequency of the 
output signals K)uti and Vout2 is four times lower compared 
with the frequency of the input signal /in. The observed di- 
vision of the frequency of the input pulses indicates that the 
TFF operates correctly. 



suppressed due to the noise in the measuring lines, so 
the switching into the resistive state occurs at / w 8 fiA. 
The value of the return current Iji, determined by both 
the junction capacitance Cj and the shunting admittance 
Y{io), is about 1 /lA. Such a value of //? corresponds in the 
resistively-shunted model of the junction [21_, 2^ to the 
value of Pc ~ (4/c/7i'/fl)^ ~ 200. In the quiescent (zero- 
voltage) state of the circuit, the zero-bias quasiparticle 
resistance Rqp has to be taken into account for evaluat- 
ing the low-frequency noise. The values of this resistance 
are estimated to be higher than 2 kil for the stand-alone 
junctions and 1 kf7 for the junctions used in the TFF cir- 
cuit. Note that the equivalent value of (3c, derived for 
an unshunted junction with i?qp — Ikfl, is 5 x 10^, while 
the effective value f3c designed for the junction shunted by 
the RC transmission line is about 1. This value ensures 
a sufficient damping in the dynamic regime. 

FigurelUb) demonstrates the signal time traces in the 
circuit shown in Fig.[5l The output signals Vouti and 
KDut2 shifted with half a period and with frequency four 
times lower than the frequency of the input signal /jn 



confirm that the circuits operate correctly. The range 
of its operation was found to be sufficiently wide. The 
margins for the bias currents were ±21% for the i?C-line- 
shunted TFF circuit (/bias2, see Fig.ElJb)) and ±30% for 
the bias of the DC/SFQ and SFQ/DC converters based 
on resistively shunted junctions (/biasi)- 



DISCUSSION 

One of the complex issues in designing an integrated 
" RSFQ + qubit" circuit operating at millikelvin temper- 
ature is the overheating of the shunting resistors due to 
the dissipated power P w //c<&o, where / is the work- 
ing (clock) frequency [28|. Because of the rather small 
volume An « 10 ^m"^ of conventional thin film resistors 
(they must have a relatively small stray capacitance) the 
effective electron temperature T^ « (P/EA^)-^/^ (here 
E ^ 1 nW fj,in~^ K~^ is the material constant) may sig- 
nificantly exceed the bath temperature even at low / [5| . 
The efficient method proposed in Ref. [5|] of reducing Tg 
was based on the application of bulky metallic reservoirs 
{Af « 4 X 10^ iiui^), so-called cooling fins, attached to 
the small resistors. The volume of the RC line shunts de- 
signed in our paper is Arc ~ 284 ^m'^ « 30Afl, and this 
increased volume should result in an approximately two- 
fold (SQs « 2) reduction in their electron temperature 
Te without attaching them to cooling fins. Moreover, the 
large size of the RC line shunts makes it, in principle, 
possible to attach cooling fins of larger volume. These 
cooling fins may have a more efficient thermal contact to 
the large " hot" area of the RC line shunt than in the case 
of relatively small resistive shunts or the RC shunts [l^| . 

Another advantage of the RC transmission line shunts 
over the RC shunts consists in inherently diffusive trans- 
mission characteristics of these lines and, therefore, the 
absence of parasitic electromagnetic resonances due to 
standing waves in these structures. These resonances 
may present a problem in Nb-based on-chip capacitors 
having very low losses. (The RC shunts with such ca- 
pacitors were realized in VTT technology with a critical 
current density jc = 30A/cm^ UM-) Therefore, the lat- 
eral dimensions of the capacitors (100 /im by 160 fiia with 
140 nm thick NbaOg dielectric yielding C = 35pF [18;]) 
should not exceed Ap/8 (~ 170 ^m), where Xp is the elec- 
tromagnetic wavelength in the dielectric at the plasma 
frequency. 

Comparison of both the levels of the low-frequency 
noise and the efficiencies of the high-frequency damp- 
ing in the RC transmission line shunt and RC shunt 
yields the following results. For similar values of the pa- 
rameters R and C in both models, the effective conduc- 
tance Y' = 1/i?* at CJ < (RC)-^ is equal to uj'^C'^R and 
uj^C^R/3 (given by Eq. (j4|) in the low-frequency limit), 
respectively. This difference is also to be seen in the plot 
in Fig. [21 For the equal effective temperatures of these 



shunts, this yields a three-times lower spectral density of 
the current noise (= AksTeY'). There is also a differ- 
ence in the behavior at high frequencies, cu ^ {RC)~^. 
In this frequency range, the effective capacitance of the 
system "junction -|- shunt" is mostly determined by the 
capacitance of the junction Cj (compare the behavior of 
C* shown by the solid and dashed-dotted lines with the 
typical level of Cj shown by thin dashed-dotted-dotted 
line in Fig. [2]). Therefore, the strength of the damping is 
determined by the shunt losses only. The RC transmis- 
sion line model yields, therefore, the appreciably larger 
damping, R* = (2_R/wC)^/^ ^ R (high-frequency limit 
in Eq. ([4])) than the plain damping R in the RC shunt 
model. The enhanced high-frequency damping should 
stabilize the operation of the RSFQ circuits with the RC 
transmission line shunts. 

In conclusion, we developed an efficient approach to 
the problem of the frequency-dependent damping of 
RSFQ circuits to be used for integration with Joseph- 
son qubits. The proposed junction shunts based on RC 
transmission lines have remarkable electric characteris- 
tics and, as we have demonstrated, can be easily imple- 
mented in the framework of the available Nb technology 

M. 
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